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Universite´, Paris, FranceABSTRACT In addition to their well-known DNA-binding properties, homeodomains have the ability to efficiently translocate
across biological membranes through still poorly-characterized mechanisms. To date, most biophysical studies addressing
the mechanisms of internalization have focused on small synthetic peptides rather than full-length globular homeodomains.
In this work, we characterized the conformational properties of chicken Engrailed 2 homeodomain (En2HD) in aqueous solution
and in membrane mimetic environments using circular dichroism, Trp fluorescence, and NMR spectroscopy. En2HD adopts a
well-defined three-helical bundle fold in aqueous solution. The Trp-48 residue, which is critical for internalization, is fully buried in
the hydrophobic core. Circular dichroism and fluorescence reveal that a conformational transition occurs in anionic lipid vesicles
and in micelles. En2HD loses its native three-dimensional structure in micellar environments but, remarkably, near-native helical
secondary structures are maintained. Long-range interactions could be detected using site-directed spin labels, indicating that
the three helices do not adopt extended orientations. Noncovalent paramagnetic probes yielded information about helix posi-
tioning and unveiled the burial of critical aromatic and basic residues within the micelles. Our results suggest that electrostatic
interactions with membranes may be determinant in inducing a conformational change enabling Trp-48 to insert into
membranes.INTRODUCTIONHomeoproteins form a widespread class of transcription fac-
tors found in plants and animals (1). They were initially
identified for their master role in the genetic control of em-
bryonic development in insects and vertebrates (2). These
proteins are characterized by the presence of an ~60-residue
DNA binding homeodomain that is highly conserved during
evolution. More than 100 structures of wild-type or mutated
homeodomains, in free forms or in complex with DNA, have
been solved by x-ray crystallography and solution NMR
spectroscopy. In these structures, homeodomains typically
adopt a three-helix bundle fold, the third helix acting as
the major DNA recognition element.
In addition to their well-known role as nuclear tran-
scription factors, homeoproteins possess the intriguing
property to be secreted and internalized using unconven-
tional pathways. This membrane-translocation property
was first reported for the Antennapedia homeodomain
from Drosophila (3,4), but it has been observed since for
other homeodomains in both animals and plants (5–8).Submitted February 25, 2013, and accepted for publication June 7, 2013.
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0006-3495/13/08/0667/12 $2.00The physiological significance of homeodomain transloca-
tion has been investigated, and it is now clear that this
internalization process also occurs with full-length homeo-
proteins and is involved in original cell communication
pathways (9). For instance, it was shown to regulate axonal
guidance (10) and synaptic maturation in brain (11).
Structure/function relationship studies based on muta-
tional analysis and use of synthetic peptides enabled re-
searchers to ascribe this membrane-translocation property
to the third helix of the Antennapedia homeodomain (12),
which was referred to as penetratin. We and others have pre-
viously shown that peptides corresponding to the third heli-
cal segment of other homeodomains efficiently internalized
into cells (13–15) and, taking into account the high sequence
conservation, it is likely that this property is shared by most
homeodomains. Penetratin was the first member of the still-
growing class of cell-penetrating peptides (CPPs) that are
able to translocate across biological membranes and deliver
attached cargoes of various size and structure inside
different cell lines. These peptides have received consider-
able attention for the vectorization of bioactive molecules
into cells (16,17).
The internalization mechanism of these CPPs has been
investigated by many authors but is still not fully elucidated.
Although mechanisms involving vesicle formation by endo-
cytosis have been proposed, it is clear that energy-indepen-
dent, direct translocation of cell membranes is implicatedhttp://dx.doi.org/10.1016/j.bpj.2013.06.024
668 Carlier et al.(18). Several models have been suggested, including the
formation of inverted micelles (19), ion pair complexes
involving Arg residues, and an electroporation-like mecha-
nism (20). Structure-function relationship studies of pene-
tratin have proved that the chiral recognition by a receptor
is not involved (19) and that the helical secondary structure
is not required either (21). The electrostatic interactions
with anionic lipids are critical because the removal of a
single basic residue in penetratin sequence by Ala scanning
decreases the membrane-binding affinity and the cell inter-
nalization efficiency (22). Hydrophobic residues in the third
helix are also crucial; in particular, the deletion of the
strictly conserved Trp-48 and Phe-49 residues abolishes
the internalization (4).
To date, most biophysical studies have been carried out
on penetratin (23–26) and few other peptides derived from
the third helix of different homeodomains (13). Strikingly,
only a few studies have examined the properties of the third
helix in the context of the whole homeodomain being a more
relevant biological object. It is likely that the interactions
of the third helix with residues in the first and second helices
in homeodomains may influence the membrane binding
and translocation processes. Notably, the Trp-48 residue,
which is critical for membrane translocation, is buried in
the hydrophobic core of the homeodomain. The major aim
of this study was to examine the properties of the third helix
in the context of the full homeodomain and characterize the
conformation of the homeodomain in membrane-mimetic
environments.
We focused our work on Engrailed 2 homeodomain
(En2HD). Engrailed 2 is involved in brain development
and physiology in Vertebrates and the implication of its
translocation properties has been well documented in axonal
guidance (10,27). Engrailed 2 also plays an important role in
the survival and physiology of dopaminergic neurons and
has been proposed to be used as a therapeutic protein in
Parkinson’s disease (28,29). We first determined the three-
dimensional structure of chicken En2HD by NMR and
then investigated the influence of membranes on the confor-
mation of En2HD by circular dichroism (CD) and fluores-
cence. High-resolution NMR structural studies were then
carried out using micelles of two different compositions as
membrane-mimetic systems.MATERIALS AND METHODS
Circular dichroism
CD spectra were measured on a Jasco 815 spectropolarimeter (JASCO,
Easton, MD) over the wavelength range 190–260 nm, by using a 0.1-cm
path-length quartz cell (internal volume 200 mL) from Hellma (Mullheim,
Germany). CD spectra were recorded at 25C, at 0.2-nm intervals and
10 nm.min1 scan speed. Measurements were carried out in 10-mM sodium
phosphate buffer at pH 7.4. Protein concentration was 25 mM in the pres-
ence of detergents (20 mM sodium dodecyl-sulfate (SDS) or dodecylphos-
phatidylcholine (DPC)) or lipids (peptide/lipid ratio 1:50).Biophysical Journal 105(3) 667–678Fluorescence measurements
The interaction between membrane mimics and Engrailed homeodomain
was monitored by Trp fluorescence. Fluorescence experiments were re-
corded on a MOS-200 spectrophotometer using a Xenon short arc lamp
at 25C and by using 0.3  0.3-cm path-length quartz cell (internal volume
130 mL) from Hellma. The fluorescence spectra were recorded between 290
and 440 nm (bandwidth 5 nm) with an excitation wavelength at 280 nm.
Protein concentration was 25 mM in the presence of detergents (20 mM)
or lipids (peptide/lipid ratio 1:50).NMR data collection and analysis
NMR experiments were recorded on a Bruker DMX 500 MHz spectrometer
equipped with a 5-mm TXI probe or on a Bruker Avance III 500 MHz spec-
trometer equipped with a 5-mmTCI cryoprobe (Bruker Daltonics, Fremont,
CA). NMR experiments were processed with the software programs
XWINNMR 2.6, TOPSPIN 2.1, or NMRPIPE (30). NMR spectra were
assigned using the XEASY (31) or SPARKY (32) software programs.
NMR in aqueous solution
NMR samples contained 1 mM 15N or 15N, 13C uniformly labeled En2HD
protein in H2O/D2O (90/10) or D2O, containing 50 mM sodium succinate
buffer, pH 4.7, 0.02% (w/v) NaN3, and 0.1 mM sodium 3-(trimethylsilyl)
propane-1-sulfonate as an internal chemical shift reference. The sample
temperature was set to 303 K. Sequence-specific assignments of backbone
15N, 1HN, 13Ca, 1Ha, 13C0, and side-chain 13Cb, 1Hb resonances were
obtained from three-dimensional triple resonance HNCA, HN(CO)CA,
HNCO, HN(CA)CO, HNCACB, CBCA(CO)NH, and HBHA(CBCACO)
NH spectra. Other aliphatic side-chain resonances were assigned using
three-dimensional 15N-edited TOCSY-HSQC and three-dimensional 13C
HCCH-TOCSYexperiments. Aromatic resonances assignment was accom-
plished using a combination of two-dimensional (HB)CB(CGCD)HD,
three-dimensional CT-HMQC-TOCSY, and three-dimensional NOESY-
HMQC experiments. Assignments have been deposited in the Biological
Magnetic Resonance Bank (http://www.bmrb.wisc.edu/) under BMRB
accession No. 19049.
NMR in micellar environments
Samples used for NMR assignment and structural data collection were pre-
pared using 1 mM 15N-labeled En2HD protein in H2O/D2O (90:10) con-
taining 50 mM sodium succinate buffer, pH 4.7, and 80 mM SDS or
DPC detergents. The sample temperature was set to 303 K and 313 K for
SDS and DPC samples, respectively. 1H, 15N resonances were assigned
using a combination of three-dimensional 15N-edited TOCSY-HSQC and
NOESY-HSQC experiments. Chemical shifts were indirectly referenced
to external sodium 4,4-dimethyl-4-silapentane-1-sulfonate.
NMR positioning experiments in micelles
Previous NMR samples were diluted three times for titration with paramag-
netic probes. SDS or DPC detergent was added to a final concentration of
40 mM. No chemical shift changes were observed on 1H-15N HSQC spectra
upon sample dilution. A quantity of 5-doxylstearic acid (dissolved in meth-
anol) was used at a concentration of 2.4–3.0 mM, corresponding to 4–5
molecules per micelle (assuming a detergent aggregation number of 60).
Relaxations effects induced by 5-doxylstearic acid were estimated by
measuring 1H-15N HSQC cross-peak intensity ratios in the absence and
in the presence of the paramagnetic reagent. Gadodiamide (gadolinium-
diethylenetriamine pentaacetic acid-bismethylamide) was used at a concen-
tration of 1 mM. The paramagnetic relaxation enhancement (PRE) was
determined by measuring the difference in R1 relaxation rates of amide pro-
tons upon gadodiamide addition (DR1) and expressed as relaxivity (DR1/
[gadodiamide]). These relaxation rates were measured on 1H-15N HSQC
experiments incorporating an inversion-recovery scheme at the beginning
Conformation of Engrailed 2 Homeodomain 669of the sequence. Amide proton longitudinal magnetization inversion was
accomplished using a selective REBURP pulse of 2.7-ms duration. A series
of 14 experiments was recorded with recovery delays of 10, 30, 50, 75,
100, 125, 150, 180, 200, 350, 500, 1000, 2000, and 4000 ms, and a recycle
delay of 4 s.
Site-directed spin labeling experiments
Two-dimensional 1H-15N HSQC experiments were recorded on 0.2–
0.3 mM 15N-labeled En2HD Cys-containing mutants tagged with the
nitroxide probe, with a long relaxation delay (5 s) to ensure correct quanti-
fication. Relaxation enhancements were determined as the ratio of cross-
peak intensities in the paramagnetic state and in the diamagnetic state.
The diamagnetic state was obtained by reducing the spin label with
2 mM ascorbic acid (1 h incubation at 40C). 1H, 15N backbone resonance
assignments of tagged Cysmutants in the diamagnetic statewere transferred
from those of the wild-type protein and confirmed by analyzing three-
dimensional 15N-edited TOCSY-HSQC and NOESY-HSQC experiments.RESULTS
Engrailed 2 homeodomain adopts a well-defined
canonical fold in aqueous solution
Engrailed 2 homeodomain sequence is highly conserved in
vertebrates. A unique substitution is observed between birds
and mammals, residue Gly-39 in chicken Engrailed 2 being
replaced by a serine in human counterpart (Fig. 1 A). The
structure of Engrailed homeodomain from Drosophila has
been determined both by x-ray crystallography (33) and
solution NMR spectroscopy (34). The sequence alignments
show 78% identity to Drosophila Engrailed with a very high
conservation in the third helix segment.
Complete assignment of backbone and side-chain 1H,
13C, and 15N resonances of chicken En2HD was obtained
from heteronuclear triple resonance experiments. The anal-
ysis of 1Ha, 13Ca, 13Cb, 13C0, and 15N chemical shifts pro-
vided insight on the secondary structure of the protein.
Fig. 2 A shows the chemical shift deviations of Ha proton
resonances from random coil values (35). Three segments,
encompassing residues 10–22, 28–37 and 42–56, have up-field-shifted Ha resonances (CSD < –0.1 ppm) that are
characteristic of helical conformations. The secondary
structure delineation was further confirmed by the observa-
tion of characteristic sequential and medium-range nuclear
Overhauser effects (NOEs) (Fig. 2 B), associated with
weak 3JHN-Ha coupling constants (<6 Hz) throughout the
three segments.
Structures of En2HD were calculated using a set of 868
distance restraints inferred from NOEs (see Table S1 in
the Supporting Material). Backbone f- and j-dihedral angle
restraints were derived from chemical shift analysis and
3JHN-Ha coupling constants. Side-chain c1 and c2 torsional
restraints were deduced from the measurement of heteronu-
clear coupling constants. The three-dimensional structure of
En2HD is shown in Fig. 1 B. The NMR structures show no
consistent restraint violations and have good stereochemical
quality as estimated from the Ramachandran diagram anal-
ysis and low clash score (see Table S1). The root-mean
square deviation (RMSD) from the mean structure for back-
bone atoms of ordered residues 8–55 is 0.6 A˚.
En2HD adopts the characteristic homeodomain fold: heli-
ces H1 and H2 pack against each other in an antiparallel
arrangement, whereas helix H3 is connected by a tight turn
and makes a ~60 angle with the other helices. The homeo-
domain is stabilized by a small hydrophobic core comprising
four aromatic and six aliphatic residues. The van der Waals
interaction involving residues Phe-8, Leu-16, and Phe-20
in helix H1, Leu-34 in helix H2, and Ile-45, Trp-48, and
Phe-49 in helix H3 contribute to the packing of helices.
Leu residues in the loop connecting helices H1-H2 (Leu-
26) and in the tight turn between helices H2 and H3 (Leu-
38 and Leu-40) also contribute to the hydrophobic core of
En2HD. The side chains of all these residues but Leu-26,
adopt unique conformations around their c1 angle, in agree-
ment with measured heteronuclear coupling constants.
The comparison of chicken En2HD structure with the
crystal or solution structures of Engrailed homeodomainFIGURE 1 Comparison of chicken En2HD and
Drosophila homeodomain structures. (A) Se-
quence alignment of chicken and human Engrailed
2, and Drosophila melanogaster Engrailed homeo-
domains. (B) NMR structure of chicken En2HD in
aqueous solution (PDB:3ZOB). The backbone of
the 20 lowest energy conformers is indicated.
Structures were superimposed over residues
8–56. Disordered residues 1–3 and 57–60 at the
extremities are not shown. (C) Superimposition
of chicken En2HD solution NMR structure and
Drosophila Engrailed homeodomain crystal struc-
ture (PDB:1ENH), represented as ribbon diagrams.
Structures were superimposed on backbone atoms
of residues 8–56.
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FIGURE 2 NMR parameters of En2HD in
aqueous solution (left) and in DPCmicelles (right).
(A) Ha chemical shift deviations from random coil
values. The location of helical secondary structure
elements is shown at the bottom. (B) Summary
of sequential and medium-range HN/HN and
Ha/HN NOEs.
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three-dimensional fold (Fig. 1 C). The RMSD calculated
for backbone atoms of residues 8–55 is 0.6 A˚. In particular,
the 11 residues whose side chains are fully buried in the
homeodomain structure (Phe-8, Leu-16, Phe-20, Leu-26,
Leu-34, Leu-38, Leu-40, Gln-44, Ile-45, Trp-48, and Phe-
49) are strictly conserved between Drosophila Engrailed
homeodomain and chicken En2HD (Fig. 1 A) and adopt
similar conformations.FIGURE 3 (A) CD spectra and (B) intrinsic tryptophan fluorescence
spectra of En2HD in phosphate buffer, SDS micelles, DPC micelles,
DMPC LUVs, DMPG LUVs, and DMPC/DMPG (1:1) LUVs. Samples
contained 25 mM protein, and detergent and lipid concentrations, were
20 mM and 1.25 mM, respectively.CD and Trp fluorescence indicate alterations of
the homeodomain structure in membrane
environments
To investigate the influence of membrane environments on
the structure of En2HD, we first recorded far-UV CD
spectra in the absence and in the presence of large unilamel-
lar vesicles (LUVs) made of DMPC or DMPG phospho-
lipids. The CD spectra in aqueous solution and in the
presence of zwitterionic DMPC LUVs are almost identical
(Fig. 3 A), displaying two negative ellipticity minima near
208 and 222 nm that are characteristic of a-helical structure.
Deconvolution of these spectra allowed us to estimate the
proportion of helical secondary structure as 50% in both
media, with a small proportion of b-sheet (5%) and turn
(15%), and 30% of random coil. The quantification of the
helical content tends to be slightly underestimated as com-
pared with NMR data in aqueous solution. This discrepancy
might be due to a significant contribution of side-chain aro-
matic chromophores to the CD signal (36,37), giving rise to
an atypical [q]222:[q]208 ratio.
Interestingly, the addition of anionic lipids induces
noticeable changes in the CD spectrum, with a loweringBiophysical Journal 105(3) 667–678of the minima at 222 nm mainly, and 208 nm to a lesser
extent. Larger effects are observed in the presence of pure
DMPG LUVs in comparison with mixed DMPG/DMPC
Conformation of Engrailed 2 Homeodomain 671LUVs (1:1 ratio). The CD spectra clearly indicate helical
structure but with modifications of the [q]222:[q]208 ratio.
Such CD modifications induced by anionic lipids could be
due to remodeling of the helical segments and/or changes
in the environment of aromatic side chains. The deconvolu-
tion of CD spectrum in DMPG indicates an increase in the
helical content (~57%) and a decrease of random coil
(25%), the proportion of b-sheet and turn remaining low
(5 and 13%, respectively). Finally, CD spectra of En2HD
were recorded in the presence of detergent micelles that
are commonly used as membrane mimetic systems in solu-
tion NMR studies. The CD spectra of En2HD in the pres-
ence of zwitterionic DPC or anionic SDS micelles are
very similar to those in the presence of LUVs made of
DMPG. The deconvolution of CD spectra yields 63% of
helical structure in both SDS and DPC micelles.
The interaction of En2HD in membrane environments
was then followed by exploiting the intrinsic fluorescence
of Trp-48, the only Trp residue in En2HD (Fig. 3 B). The
emission spectra in aqueous solution and in the presence
of zwitterionic DMPC vesicles are very similar, with a
maximum at ~350 nm. The addition of anionic lipids in-
duces a shift toward shorter wavelengths with a concomitant
increase in the fluorescence intensity. Such blue shift and
enhanced quantum yield are typically observed when Trp
residue inserts into lipid bilayers (38). Similar modifications
of the Trp-48 fluorescence are also observed upon addition
of zwitterionic DPC micelles. However, in the case of SDS
micelles, the induced changes differ from those observed in
the presence of phospholipids. It is likely that the more pro-nounced changes arise from the sulfate group environment
in comparison with phospholipid headgroups.
Altogether, our results show that En2HD interacts with
anionic lipids and undergoes conformational changes
affecting its secondary structure and Trp-48 environment.
Remarkably, the DPC micellar environment yields similar
effects as assessed by CD and fluorescence data. Based on
these results, we further investigated the structural changes
affecting En2HD by liquid-state NMR in DPC micelles.NMR spectroscopy shows that in DPC micelle
environment the homeodomain secondary
structure is maintained but its native three-
dimensional fold is lost
1H, 15N NMR experiments were recorded on En2HD in the
presence of DPC detergent below and above the CMC. The
stepwise addition of DPC in the millimolar range leads to
dramatic changes on the 1H-15N HSQC spectra of En2HD,
with many resonances experiencing line-broadening or
chemical shift changes (data not shown). This indicates a
strong interaction of En2HD with detergent, occurring in
intermediate or slow exchange regime. Titration with in-
creasing concentrations of DPC gives rise to a unique set
of chemical shifts with moderate line broadening at deter-
gent concentrations >60 mM (Fig. 4 B), and no further evo-
lution was observed beyond this concentration. Assuming a
detergent aggregation number of 60 molecules per micelle,
this indicates that no structural changes occur beyond a 1:1
ratio of micelle to protein. In all subsequent NMR studies,FIGURE 4 Two-dimensional 1H-15N HSQC
spectra of En2HD in aqueous solution (A), in
DPC micelles (B), in zwitterionic bicelles (C),
and in anionic bicelles (D). Assignments of back-
bone and side-chain Trp resonances are indicated
in aqueous solution. All the spectra were recorded
at 500 MHz and 30C except the DPC spectrum,
which was acquired at 40C. DPC concentration
was 80 mM. Zwitterionic bicelles contained
50 mM DHPC and 25 mM DMPC and anionic
bicelles contained 50 mM DHPC, 18.75 mM
DMPC, and 6.25 mM DMPG.
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672 Carlier et al.protein/detergent molar ratios of 1:60–1:100 were used,
with protein concentration ranging between 0.3 and
1 mM. No modifications of HSQC spectra were observed
under these conditions.
The comparison of 1H-15N HSQC spectra in DPC
micelles and in aqueous solution shows large chemical shift
changes (Fig. 4, A and B). In particular, the reduced disper-
sion in amide proton chemical shifts suggests an unfolding
of En2HD in micelle environment. The destabilization of
the native three-dimensional structure is further confirmed
when examining the aliphatic region of one-dimensional
1H spectra (see Fig. S3 in the Supporting Material). Notably,
the characteristic shieldings of Lys-52 methylenic gCH2
protons and Leu-16 methyl protons due to long-range
contacts with aromatic rings in water are lost in micelles.
Moreover, fewer NOE correlations are observed between
aliphatic and aromatic protons on two-dimensional 1H-1H
NOESY spectra, confirming that the native hydrophobic
core of En2HD is not preserved in micelles.
The two-dimensional 1H-15N HSQC spectra could be
reassigned using three-dimensional TOCSY-HSQC and
NOESY-HSQC experiments. The analysis of Ha chemical
shift deviations (Fig. 2 A) clearly shows the persistence of
helical secondary structure in DPC, as already indicated
by CD spectroscopy. Three continuous stretches of up-
field-shifted Ha protons can be observed, which approxi-
mately correspond to the three native helices in aqueous
solution. The delineation of the three a-helical segments
was also confirmed by the observation of strong sequential
HN-HN, medium-range HNi-HNiþ2, Hai-HNiþ3, and Hai-
HNiþ4 NOEs (Fig. 2 B) that are characteristic of a-helical
conformations. Although the first helix showed a less nega-
tive Ha CSD for the central residue Ala-18, the persistence
of medium-range NOEs suggests that this helix does not
interrupt in its central portion.
Further analysis of Ha CSDs enables us to pinpoint
the conformational propensities of individual residues in
aqueous and micellar environments. Residues Phe-8, Thr-9,
and Asn-41 invariantly adopt extended conformations, as
indicated by positive HaCSD values (>0.1 ppm) and helices
H1 and H3 are initiated at the same residue position, Ala-
10 and Glu-42, respectively, in both media. Helix H3 is
slightly stabilized on its C-terminal side in DPC micelles
and extends to residue Ile-56. The conformation of the
H1-H2 connecting region appears to be more helical in
micellar environment and differs from the native conforma-
tion. The short segment connecting helices H2 and H3 has
turn propensity, as shown by the short stretch of positive
HaCSDs and the observation ofmedium-rangeNOEs. These
NOE connectivities were also detected in aqueous solution
but most of the native NOEs are missing in this region, in
particular between Ala-35, Leu-40, and Glu-42, indicating
that packing interactions between helices H2 and H3 are lost.
Overall, no long-range NOEs could be detected on two-
or three-dimensional NOESY spectra in DPC micelles.Biophysical Journal 105(3) 667–678The only observed NOEs between aromatic and aliphatic
protons were assigned to sequential or medium-range con-
nectivities involving side chains lying on the same face of
helices. This indicates that the three helical segments may
fold independently in the detergent micelles without tight
packing between helices. The use of nondeuterated deter-
gents enabled us to detect intermolecular NOEs between
the detergent alkyl chains and aromatic residues, in partic-
ular involving Trp-48 (see Fig. S4). Thus it appears that
the hydrophobic side chains of En2HD interact with the
apolar detergent and are not involved in long-range intramo-
lecular interactions.Dynamics of the DPC-bound states by 15N
relaxation
15N relaxation parameters were monitored to get infor-
mation on the backbone dynamics and the size of the
En2HD/micelle complexes (see Fig. S1). Heteronuclear
15N-{1H} NOEs in DPC micelles show that residues at the
N- and C-termini are highly flexible whereas residues 10–
55 of En2HD display lower conformational flexibility. The
three helical segments exhibit heteronuclear NOE values
at ~0.6, indicating that they experience higher mobility
than in aqueous solution but remain rigid on the pico-
second-to-nanosecond timescale. Subtle motional differ-
ences are observed for the three helical segments. Helix
H3 exhibits the highest NOE values in its central part, and
shows fraying in its C-terminal part, as also evidenced by
lower Ha CSDs. In contrast, helix H2 has the lowest NOE
values. Both segments connecting helices H1-H2 and H2-
H3 display decreased R2 and NOE values, indicating that
they have greater flexibility than the helical parts but still
have reduced mobility.
The correlation time of the protein could be estimated
from the R1/R2 ratio measured for the most rigid residues.
A value of 8.9 ns was obtained for En2HD at 40C in
DPC, corresponding to spherical particles of ~25 kDa in
aqueous solution. Under the assumption that En2HD forms
with detergent tight complexes of roughly spherical shape,
one could estimate that En2HD is associated with ~50
DPC molecules. Because this value approximately corre-
sponds to detergent aggregation numbers in pure DPC
micelles, it can be concluded that En2HD forms a 1:1 pro-
tein/micelle complex.Monitoring long-range contacts in DPC-bound
homeodomain by intramolecular paramagnetic
relaxation enhancements
Because our data unambiguously demonstrate that En2HD
lacks a compact three-dimensional structure when bound
to DPC micelles, we attempted to detect long-range interac-
tions between a-helices using site-directed spin labeling.
Indeed, while 1H-1H NOEs are observable for short
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relaxation enhancements (PREs), which arise from strong
dipolar interaction between unpaired electrons and nearby
nuclei, allow the detection of long-range contacts within
~25 A˚ from the spin label. Furthermore, while NOEs may
be quenched by internal dynamics, PREs can be success-
fully used to detect transient long-range interactions in
unstructured or partially disordered proteins (39).
The strategy was to covalently attach a nitroxide radical
to En2HD using site-directed cysteine mutagenesis and
chemical linkage. The spin label was introduced either at
the N-terminus (Cys in position –3 with respect to homeo-
domain first residue), the C-terminus (C61 mutant), or in
the turn connecting helices H2 and H3 (G39C mutant).
The position 39 in the turn was selected because a Cys res-
idue is observed at this position in several homeodomains of
the HoxA family (1). Except for residues in close proximity
with the mutated position, the insertion of a Cys residue in
En2HD sequence did not induce significant shifts of the
cross-peaks on two-dimensional 1H-15N HSQC spectra in
aqueous solution, indicating that the mutations did not alter
homeodomain fold. Similar observations were made in
micelles. PREs were estimated by measuring the peak inten-sity ratios between two 1H-15N HSQC spectra recorded in
the paramagnetic state and in the diamagnetic state, after
reduction with ascorbic acid.
PREs were first measured for En2HD in aqueous solution
(Fig. 5 A). The intensity profile of the C61 mutant shows that
relaxation enhancements are observed locally up to 20 res-
idues from the probe. Long-range effects are observed in
two regions, in the loop connecting helices H1 and H2 (res-
idues 21–26) and in the extended segment preceding helix 1
(residues 5–8). These effects are well accounted for by the
NMR structure family, which shows that the disordered
C-terminus can contact both affected segments in different
conformers. The introduction of a spin label at the N-termi-
nus affects residues located in the turn between helices H2
and H3, as expected from the three-dimensional structure.
The PRE profile obtained with the G39C mutant has a
bell shape extending to ~15 residues on either side of the
attached radical. A dramatic long-range effect is also ob-
served in the N-terminal arm and the first helix, in agree-
ment with the close proximity between Gln-12 and Gly-39
(distances between Ca atoms of 8.8 5 0.4 A˚). Overall,
the PRE profiles obtained with the three mutants are in
excellent agreement with the solution NMR structure andFIGURE 5 Paramagnetic relaxation enhance-
ments induced by site-directed spin labeling in
aqueous solution (A) and in DPC micelles (B).
The paramagnetic tag was attached to a Cys resi-
due (indicated by an asterisked (*) label) in posi-
tion –3 (upper), in position 39 (middle), or in
position 61 (lower panel). The paramagnetic relax-
ation enhancements are shown as intensity ratios
between the paramagnetic (I) and the diamagnetic
state (I0). (Solid circles) Backbone amide groups;
(shaded squares) side-chain groups.
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FIGURE 6 Use of paramagnetic reagents to probe the accessibility of
En2HD residues in DPC micelles. (A) Paramagnetic relaxation enhance-
ments of gadodiamide probe measured as amide proton relaxivities (differ-
ences in R1 longitudinal rates per mM concentration of gadodiamide). (B)
Paramagnetic relaxation enhancements of 5-doxylstearic acid probe
measured as residual intensities of HSQC cross-peaks. (Solid circles) Back-
bone amide groups; (shaded squares) side-chain groups. Hydrophobic side
chains are indicated with asterisked (*) labels.
674 Carlier et al.thus provide a characteristic signature of homeodomain
native structure. The relaxation effects were also measured
on side-chain HN groups in Asn, Gln, Arg, and Trp residues.
Similar long-range contacts are observed and involve larger
regions, presumably owing to increased conformational
space explored by side chains.
The observed PREs differ markedly in the presence of
DPC micelles (Fig. 5 B). The probe attached in position
39 locally induces larger relaxation enhancements than in
water, as can be seen for residues 31–46. This can be
ascribed to an increased dynamics of both backbone and
side chains for the attachment site in micelles, in compari-
son with aqueous solution. Weak PREs are detected in
more distant regions but the magnitude of the effects indi-
cates only transient contacts and the absence of preferential
long-range interactions. When the probe is attached to the
C-terminal residue, the characteristic long-range effects
that were observed in segment 21–26 in water are lost, sug-
gesting that En2HD explores nonnative conformations in
micelles. However, long-range effects are still observed in
the N-terminal 5–10 segment, with near-cancellation of
the residual intensities of Ala-7 and Phe-8 residues. Consis-
tently, when the nitroxide radical is attached to the N-termi-
nal tail, Trp-48 and Arg-53 side chains are significantly
affected, confirming that the N-terminus makes transient
contact with the C-terminal extremity of En2HD in DPC
micelles. Altogether, these data indicate that the three
helices in En2HD do not adopt extended orientations in
micelles but their relative orientation leads to a proximity
of the C-terminus and the extended 5–10 segment that pre-
cedes helix H1.Positioning of En2HD in DPC micelles using
noncovalent paramagnetic probes
The localization of En2HD with respect to the micelle sur-
face was examined using water-soluble (gadodiamide) and
lipophilic (5-doxylstearic acid) paramagnetic probes. Gado-
diamide is a neutral Gd(III) complex that partitions into
the aqueous environment outside the micelle. It strongly
enhances T1 relaxation of protons (40). We quantified the
enhancement (PRE) of amide protons longitudinal relaxa-
tion by inserting before the HSQC sequence a T1 inver-
sion-recovery block with selective inversion of the amide
protons. In DPC detergent (Fig. 6 A), the water-soluble ga-
dodiamide probe strongly enhances the longitudinal relaxa-
tion of amide protons in residues at the N- and C-termini,
indicating that these residues are not buried inside the
micelles. Residues located in the loop regions and at both
extremities of the three helices are more affected than those
lying in the central portion of the helices, suggesting that the
core portions of the secondary structure elements are more
buried within the micelles. The comparison of PREs indi-
cates that helix H2 is slightly less buried than helices H1
and H3. A periodicity in the PRE values is apparent in theBiophysical Journal 105(3) 667–678three helical segments and supports a parallel positioning
to the micelle surface. In particular, hydrophobic residues
in helices H1 and H2 display the lowest PREs (Leu-13,
Leu-16, Phe-20, Leu-34, and Leu-38), indicating that these
two helices orient their hydrophobic face toward the micelle
interior.
Next, the use of the lipophilic 5-DSA (5-doxylstearic
acid) 5-doxylstearic acid) enabled us to probe the immersion
depth of En2HD within DPC micelles. 5-DSA is located in
the micelle interior and enhances the relaxation of nuclei in-
serted in the micelle but located close to the micelle surface.
The enhanced T2 relaxation was quantified by measuring the
residual intensities of the HSQC correlations (Fig. 6 B).
Periodic variations are observed in helical segments, con-
firming a parallel positioning of helices with respect to the
micelle surface. The regions connecting helices (residues
26, 39, and 41) as well as the N-terminal segment 6–8 are
the most affected by the 5-DSA probe, suggesting that
they lie in close proximity with the spin label, around the
fifth carbon position of the alkyl chain. Because the core
helical segments are less affected by both lipophilic and
water-soluble probes, it can be concluded that they should
be buried below the position occupied by the C5-doxyl
group within micelles. We also analyzed the relaxation
enhancements on side-chain HN groups to get more insight
on side-chain positioning in micelles. Trp-48 indolic HNε1
Conformation of Engrailed 2 Homeodomain 675resonance is severely affected by the 5-DSA probe in DPC
detergent, indicating that the aromatic group is located in
the micelle interior but is not deeply buried. The analysis
of side-chain HNε resonance of Arg residue shows different
behaviors. Whereas most Arg residues are poorly affected
by the 5-DSA probe, Arg-31 and Arg-53 are strongly atten-
uated in DPC micelle. Therefore, these two Arg residues are
positioned inside the micelle but close to the headgroup.Influence of anionic environments on
homeodomain structure
To analyze the effect of anionic environments on En2HD
structure, we next used SDS micelles as an anionic mem-
branemimetic (see Fig. S5). The titrationwith SDS detergent
shows that En2HD forms a tight complex with the micelle
and is associated with ~60 SDS molecules, as inferred
from the calculated correlation time based on relaxation
data (8.6 ns at 40C). As observed with DPC micelles, one-
and two-dimensional NMR spectra exhibit reduced chemical
shift dispersion (see Fig. S3 C and Fig. S5 A) and no long-
range correlations could be detected on NOESY spectra,
indicating that En2HD loses its native three-dimensional
structure when bound to SDS micelle. Interestingly, the
three-helix secondary structure is maintained, as evidenced
by the analysis of Ha CSD and medium-range NOE (see
Fig. S5, B and C). Subtle differences between SDS and
DPC environments are nevertheless observed in the loop re-
gion connecting H1 and H2: helix H1 is slightly shorter in its
C-terminal part whereas helix H2 is extended in its N-termi-
nal part in SDS micelles. Overall, our data indicate that the
micelle composition has little influence on En2HD structure.
Indeed, site-directed spin labels (see Fig. S5 D) confirm the
nonnative structure and the presence of long-range contacts
between N- and C-terminal regions. Furthermore, the use
of noncovalent paramagnetic probes enables us to position
the three helices in parallel orientations close to the micelle
surface. Notable is that the paramagnetic waves observed
for helix H3 slightly differ in the two detergent systems
(see Fig. S5E) and suggest an influence of the detergent envi-
ronment on the helix azimuthal angle.
Finally, we used small, isotropically tumbling bicelles as
a better membrane mimetic to investigate En2HD interac-
tions with a true membrane bilayer by liquid-state NMR.
In the presence of small bicelles made of zwitterionic
DMPC and DHPC (long-chain/short-chain lipid q ratio of
0.5), the 1H-15N HSQC spectrum of En2HD (Fig. 4 C) re-
veals only minor chemical shift changes, suggesting weak
transient interactions with bicelles. Importantly, this demon-
strates that En2HD native structure is maintained in a zwit-
terionic environment. In contrast, the addition of anionic
lipids (25% DMPG, q ¼ 0.5) yields to dramatic changes
of the 1H-15N HSQC spectrum (Fig. 4 D), indicating a
strong interaction with anionic bicelles. Residues in the un-
structured N- and C-terminal parts exhibit weak chemicalshift perturbation while resonances belonging to the core
region of the homeodomain are no longer observed or
show highly broadened signals, which can be ascribed to in-
termediate exchange on the NMR timescale. Interestingly,
the upfield-shifted aliphatic resonances characteristic of
homeodomain fold are no longer detected in anionic
bicelles although they are observed in zwitterionic bicelles
(see Fig. S3, D and E), suggesting that a large conforma-
tional change occurs upon interaction with anionic lipids.DISCUSSION
Our study, based on CD, Trp fluorescence, and NMR spec-
troscopy, reveals that the native conformation of Engrailed 2
homeodomain can be significantly altered in membrane en-
vironments. En2HD adopts the characteristic three-helical
bundle fold in aqueous solution and the close similarity of
CD, fluorescence, and NMR spectra suggests that the home-
odomain fold is preserved in the presence of zwitterionic
DMPC lipids. In contrast, the addition of anionic DMPG
lipids induces changes in CD, NMR, and Trp fluorescence
spectra. Notable is that the blue shift in the fluorescence
emission spectrum indicates the environment of Trp-48
residue becomes more hydrophobic. This result provides
functional insight on the membrane interactions of homeo-
domains because the conserved Trp-48 residue is known
to play a critical role in the membrane translocation mech-
anism. Because lipid vesicles are usually not suitable for
solution NMR, we investigated whether detergent micelles
or small isotropically tumbling bicelles could mimic the
effects observed with vesicles. The addition of anionic
bicelles induced large changes in NMR spectra but severe
broadening of En2HD amide resonances precluded high-
resolution structural studies. We found that zwitterionic
DPC induced comparable changes in CD and fluorescence
signals to those observed in the presence of anionic lipids
whereas anionic SDS micelles yielded more divergent fluo-
rescence spectra. It might sound surprising that zwitterionic
detergents could somehow mimic the effects of anionic
lipids. However, similar results are often encountered for
basic membranotropic peptides, where conformations in
DPC micelles are closer to those found in DMPG vesicles
than in DMPC vesicles (41). This can be explained by the
higher detergent dynamics that favors peptide interaction
with the hydrophobic chains, even in the absence of strong
electrostatic interactions with polar headgroups.
Based on these results, we used solution NMR to gather
information about En2HD conformation in DPC as mem-
brane mimetics. En2HD loses its three-dimensional struc-
ture but, remarkably, the helical secondary structure is
maintained with only slight adjustments of the length of
the three helical segments. From titration data and use of
noncovalent paramagnetic probes, we found that En2HD
forms a tight 1:1 protein/micelle complex, each helical
segment being embedded within the micelles in roughlyBiophysical Journal 105(3) 667–678
676 Carlier et al.parallel orientations. The core portions of the helices
comprise the most deeply buried residues within micelles.
Consistently, these segments tend to be the most rigid
whereas connecting regions exhibit larger mobility on the
picosecond to nanosecond timescale.
Site-directed spin labels enabled us to confirm the nonna-
tive three-dimensional structure of En2HD in DPC micelles
but also revealed long-range interactions between the C-ter-
minus and the extended 5–10 segment. It is unlikely that
these observed long-range PREs arise from a minor native
conformer in fast exchange with the micelle-bound form
because other characteristic native long-range contacts
were not observed. Therefore En2HD does not adopt
extended helix orientations when bound to micelles but
the relative arrangement of helices leads to a proximity of
the C-terminus with the segment immediately preceding
helix H1. The analysis of NOE correlations supports the
absence of packing interactions between helices, their
hydrophobic face interacting with hydrocarbon chains of
detergents. A model of En2HD conformation in DPC
micelles was built using NOE- and PRE-based distance re-
straints (Fig. 7 A). Although this model may not reflect the
ensemble of conformations explored by En2HD, it depicts
one of the conformers that account for the transient long-
range contacts inferred from PRE data, with the side chainsFIGURE 7 Model of DPC-bound En2HD structure. (A) Structural model
based on chemical shifts, NOEs, and site-directed spin-labeled PREs data.
The model was calculated with DYANA using 166 NOE-based distance
constraints, 43 f-, j-helical angular restraints, and two PRE-derived
long-range distance constraints between the amide groups of Thr-60,
Ala-7, and Phe-8, respectively (20 A˚). (Dotted circle) The dimension of
a spherical DPC micelle containing 60 monomers. (B) Positioning of
En2HD three helices with respect to DPC micelle, inferred from paramag-
netic effects induced by gadodiamide and 5-DSA probes.
Biophysical Journal 105(3) 667–678emanating from the helices too far apart to make long-range
contacts with each other. Notable is that such a helical
arrangement, which fits well with the dimensions of a spher-
ical micelle, could be induced by the curvature and size of
this membrane mimetics. An alternative model might be
drawn, with individual helices being in contact with dif-
ferent micelles, but this seems less plausible and is not sup-
ported by NMR titration and relaxation analysis.
The folding and unfolding of Drosophila Engrailed
homeodomain have been extensively studied by Religa
et al. (42). In particular, the structure of a denatured state
and folding intermediate was characterized by NMR using
an engineered mutant. This intermediate state has native
helical secondary structure and the region encompassing
helices H2 and H3 adopts the native helix-turn-helix motif.
This motif was also shown to fold independently in a trun-
cated 16–59 Engrailed homeodomain lacking the N-termi-
nus and half of helix H1 (43), although this intrinsic
folding property is not shared by all homeodomains (44).
The nonnative state that we characterized in micelles also
has nearly native secondary structure, showing that the three
helical segments have high helical propensity. However, the
comparison of NOEs in water and micelles indicates that the
segment encompassing helices H2 and H3 does not adopt a
stable helix-turn-helix motif in micelles.
The interaction of the third helix is of prime interest
because this segment mediates the translocation properties.
The helix positioning does not appear to be influenced by
the environment of the full homeodomain because a similar
parallel orientation has been observed by NMR for peptides
corresponding to the third helix of different homeodomains
(13,25). The parallel orientations of penetratin peptide in
different membrane environments have also been estab-
lished by a variety of biophysical techniques (45–48). Our
NMR data show that the positioning of the third helix
does not strongly differ from that of helices H1 and H2
but differences in the immersion depths were observed
between the three helices. Because the time averaging
of relaxation enhancement makes it sensitive to peptide
conformational flexibility and motions within micelle, we
did not attempt to derive distances from gadodiamide-based
PREs. A qualitative model of helix positioning based on the
results obtained with two distinct paramagnetic probes is
presented in Fig. 7 B. Helix H2 tends to be slightly less
buried than helices H1 and H3. The calculation of hydro-
phobic moments indicates that helices H2 and H3 are poorly
amphipathic. The depth of immersion does not correlate
with amphipathicity but seems to be related to helix hydro-
phobicity, helix H2 having fewer hydrophobic residues.
Accordingly, the central 47–51 portion of helix H3 that
is composed of three consecutive hydrophobic side chains
tends to be the most buried. We previously showed that
the translocation efficiency does not imply a deep insertion
of the third helix but that interactions near the membrane
surface are a major determinant (13). The positions of the
Conformation of Engrailed 2 Homeodomain 677critical hydrophobic and cationic residues of the third helix
with respect to the surface are therefore of prime impor-
tance. The side-chain indole HNε1 group of Trp-48 is
strongly attenuated by the 5-doxylstearic acid probe in
DPC, which indicates that this side chain is buried inside
the micelle but remains close to the surface. The helical pro-
jection reveals that the central segment of the third helix is
poorly amphipathic, basic residues Lys-52 and Arg-53 lying
on the same face as hydrophobic Trp-48 and Phe-49 (Fig. 7
B). Interestingly, the HNε group of Arg-53 side chain is
severely attenuated by the doxyl probe in DPC, indicating
that the guanidinium group is also inserted within the
micelle. The burial of Lys-52 and Arg-53 could be stabi-
lized by p-cation interactions with Trp-48 and Phe-49
aromatic side chains, respectively (26,49). The observation
of NOEs between Trp-48 HNε1 and Lys-52 Hε side-chain
protons in micelles supports such p-cation interactions. In
addition to these residues, Arg-31 in the second helix also
appears to be buried inside the DPC micelle.
The electrostatic interactions between basic CPPs and
anionic membranes are known to play a crucial role in mem-
brane translocation. Trp fluorescence showed that an envi-
ronment change of Trp-48 occurred in lipid vesicles only
in the presence of anionic lipids. Based on our CD and
NMR conformational study, we suggest that the membrane
translocation of homeodomains involves unfolding of the
native three-dimensional structure, with retention of helical
secondary structure. The relative orientation of helices
might be different between micelle mimetic systems and
true lipid membranes, insofar as it may be dependent on
parameters such as lipid composition, vesicle size, and cur-
vature. For instance, NMR studies showed that a-synuclein
forms two a-helices in an antiparallel arrangement in SDS
micelles (50) while a long uninterrupted helix was deduced
from electron paramagnetic resonance distance measure-
ments when it is bound to small unilamellar vesicles (51).
Recent studies suggested that a-synuclein actually popu-
lates both elongated and broken helical states upon small
unilamellar vesicle binding (52). Thus, it is conceivable
that homeodomain may explore different helical conforma-
tions depending on membrane environments. Our results
suggest that electrostatic interactions with membranes
may be determinant not only in providing membrane
affinity but also in inducing a conformational change in
homeodomain structure enabling Trp-48 residue to insert
into membranes.SUPPORTING MATERIAL
Additional Materials and Methods and results on En2HD, including one
table, five figures, and references (53-62) are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(13)00703-0.
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